As part of our ongoing development program of highcurrent cw accelerators, we are investigating the use of superconducting RFQs to capture, bunch, and accelerate high-current, cw ion beams to energies where they can be further accelerated by more conventional independentlycoupled superconducting cavities. This investigation addresses issues related to beam physics, thermal management, electromagnetic design, mechanical design, matching to the ion source, etc.
I. INTRODUCTION
As part of our ongoing program to apply rf superconductivity to high-current superconducting accelerators [l] , we are investigating the use of superconducting RFQs to capture, bunch, and accelerate high-current ion beams before injection into superconducting linacs comprised of independently-coupled cavities. This research is motivated by preliminary results which indicated that the superconducting technology may appreciably extend the applications of RFQs [2, 31. To that end we have been investigating RFQ geometries which seem to be better suited to the superconducting technology [4] . In this paper we address some beam dynamics and design issues associated with the development of high-current superconducting RFQs.
BEAM DYNAMICS ISSUES
In the beam current range of 25 mA to 100 mA, thermal management considerations suggest that a tolerable level of beam impingement in a superconducting RFQ (SCRFQ) is 0.5% or less. Designing a structure with better than 99% transmission presents special challenges. For one, no present beam dynamics code achieves the required accuracy. Another problem is that the design procedures suitable for conventional RFQ's, which use a hard-wired prescription based on Kilpatrick factor, field enhancement coefficient, and constant capacitance of the RF structure, may be neither optimal nor desirable for SCRFQ.
As a general guideline, SCRFQ must have a fairly large aperture equal to at least 5 times the rms beam radius. To accommodate the demand for strong transverse focusing, one should choose a low frequency since the superconducting resonators do not seem to suffer from the frequencydependent electric-field breakdown.
Longitudinal transmission is affected by the RFQ bunching rate. The trade-off is between the increased particle capture and the overall length of the accelerator. By increasing the energy at the end of the gentle buncher, thereby causing the beam to be bunched at a slower pace as it is accelerated, we can achieve design transmissions above 99%. The overall length of the RFQ would typically rise quadratically with the energy increase.
As a test case we looked at a SCRFQ design for a 25 mA and a 100 mA rms-matched proton beam accelerated from the initial energy of 100 KeV to the final energy of 3 MeV. We chose a frequency of 200 M H z , peak surface field of 40 MV/m, and a minimum aperture of 5 mm for the beam with initial rms normalized emittance of 0.2 mm -mrad.
We varied the energy at the end of the gentle buncher from 0.5 MeV to 1.5 MeV and studied the transmission through the RFQ with PARMTEQ. The energy at the end of the shaper was kept constant, with exception of the last case where it was raised by 25%. The results are shown in Fig. 1 . Fig. 1 also shows how the particle loss relates to the overall RFQ length. For the 25 mA beam, for example, raising the design beam transmission from 97.7% to 99.6% to 99.9% would mean respective length increases from 2.7 m to 4.3 m to 6.0 m. Upon closer examination, one sees that the lower transmission in the shorter structures is due to the particles lost longitudinally. Because of simplifications in the way PARMTEQ calculates spacecharge forces, these " out-of-t he-bucket" particles are not accurately tracked throughout the RFQ. It is not clear if the particles are transported unaccelerated or are deflected into the walls of the acclerator. Clearly, the latter scenario would be detrimental to the successful operation of SCRFQ.
We can get a rough understanding of what happens to a particle which falls out of the longitudinally stable region by calculating the effect of the trailing bunches on its trajectory. The momentum kick imparted on the particle by a bunch of current I can be approximated by a Rutherford scattering formula: where q is the particle's charge, f is the RF frequency, ro is the initial radial displacement of the particle, and AV is the relative velocity of the lost particle with respect to the trailing bunch. As the bunch accelerates, its velocity changes but in this rough calculation we assume the veloc-J igurc 2: Emittance growth and particle loss versus frequency Table 1 summarizes the results for the I = 25 mA design. Table 2 gives the results for the I = 100 mA. ity to be constant. We take the relative velocity AV, to be
where U, is the velocity with which the nth bunch overcomes the lost particle drifting at constant velocity vo.
For a particle initially displaced by ro undergoing a betatron oscillation due to the external focusing, we can obtain the oscillation amplitude increase Ar due to the spacecharge kick Ap, :
where m is the particle's mass and R is the betatron angular velocity related to the RFQ focusing parameter B and the frequency f as follows, B QR-.
4371.

(4)
We see that for the 25 mA beam the radial upward mction of the longitudinally unstable particle is mostly negligible, but for the 100 mA beam the space-charge imparted radial displacement is on the order of 10% of the initial radius.
We have also looked at the frequency choice for the SCRFQ. In general, lower frequency is preferable for better transmission characteristics. However, as a rule [5] , lower frequency leads to a larger emittance growth. Fig. 2 shows results of PARMTEQ simulations where the particle loss and emittance growth are given as functions of the frequency for 50 mA and 100 mA proton beam. 111. GEOMETRY
In earlier work [4] we investigated a geometry which is suited to high-current superconducting RFQs. It combined the best features of the 4-vane and 4-rod geometries which are widely used. This geometry is obtained by providing periodic cutouts in a 4-vane geometry which allow magnetic coupling between adjacent quadrants. The resulting structure is simple to manufacture in niobium, is easy to cool, and provides a quadrupole mode which is lower in frequency than, and widely separated from, the dipole mode.
We are now extending the analysis of this geometry which was limited to infinite periodic waveguides to include the end effects of a finite RFQ. We have investigated, using MAFIA, the geometry shown in Fig. 3 the RFQ rods extend a distance Z,, and are separated by a distance g (assumed to be of the order of 1 em) from stubs extending from the end plates. Of particular interest is the frequency splitting between the quadrupole and the dipole mode. As shown in Fig. 4 , the mode splitting remains almost constant as the length 2, varies from 0 (no extension on the rods) to 10 em (no stubs on the end plates). The field flatness, however is affected by the location of the gaps between the rods and the end plate stubs.
As shown in Fig. 5 , with the end cell dimensions we have assumed, the best field flatness is obtained when the rods 
